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Anionic vesiclesThe viral genome-linked protein (VPg) of Potato virus A (PVA) is a multifunctional protein that belongs to a
class of intrinsically disordered proteins. Typically, this type of protein gains a more stable structure upon
interactions or posttranslational modiﬁcations. In a membrane lipid strip overlay binding assay, PVA VPg was
found to bind phosphatidylserine (PS), but not phosphatidylcholine (PC). According to circular dichroism
spectroscopy, the secondary structure of PVA VPg was stabilized upon interactions with PS and
phosphatidylglycerol (PG), but not with PC vesicles. It is possible that this stabilization favored the
formation of α-helical structures. Limited tryptic digestion showed that the interaction with anionic vesicles
protected certain, otherwise accessible, trypsin cleavage sites. An electron microscopy study revealed that
interaction with VPg substantially increased the vesicle diameter and caused the formation of pore or
plaque-like electron dense spots on the vesicle surface, which gradually led to disruption of the vesicles.
© 2009 Elsevier Inc. All rights reserved.Introduction
It has recently been shown that several plant viral genome-linked
proteins (VPgs) belong to a class of intrinsically disordered proteins
(IDPs), including the VPgs of rice yellow mottle virus (RYMV), lettuce
mosaic virus (LMV), potato virus A (PVA), potato virus Y (PVY), and
sesbania mosaic virus (SeMV) (Grzela et al., 2008; Hebrard et al.,
2009; Rantalainen et al., 2008; Satheshkumar et al., 2005). IDPs lack a
ﬁxed structure in their native state and in the absence of binding
partners. This feature is a major advantage for a protein that is
multifunctional, as it enables structural adaptation to a particular
function and to the required binding counterpart. VPg proteins from
the genus Potyvirus are known to be uridylylated, to be phosphory-
lated both in vitro and in vivo, to bind RNA, and to interact with
several viral and host proteins (Dunoyer et al., 2004; Guo et al., 2001;
Hafren and Mäkinen, 2008; Ivanov et al., 2001; Léonard et al., 2004;
Puustinen and Mäkinen, 2004; Wittmann et al., 1997). This range of
different properties associated with VPgs attests to their ﬂexibility
and multiple roles in the viral infection cycle.
Intrinsic disorder is a common property of many different types of
proteins from all kingdoms of life. The general characteristics and the
best known examples of this protein class have been well reviewed in
the recent literature (Dunker et al., 2001; Dyson and Wright, 2005;
Uversky, 2002). Alpha-synuclein is an extreme example of an
intrinsically disordered protein, which is stabilized in the presencekinen).
ll rights reserved.of membranes (Kjaer et al., 2009). It is known to change its structure,
upon binding to acidic phospholipids, from an almost complete
random coil conformation to a stabilized form containing up to 71%α-
helices (Davidson et al., 1998). Apocytochrome c is another example
of a protein that adopts a helical conformation upon binding to
zwitterionic micelles. This interaction is driven by electrostatic and
hydrophobic lipid–protein interactions and leads to helix formation,
and ﬁnally to insertion of the helix into micelles (Bryson et al., 1999).
Uridylylation is a viral polymerase-catalyzed reactionwhere UTP is
attached to VPg. This leads to the initiation of new RNA strand
synthesis and eventually to replication of the viral genome. This
process is best studied in poliovirus (Paul et al., 1998). Replication
occurs in replication complexes (RC) and for positive-strand RNA
viruses it requires a membranous environment (reviewed in Denison,
2008; Miller and Krijnse-Locker, 2008; Salonen et al., 2005). Viruses
are known to induce many different types of membrane alterations
with the common goal of forming a suitable environment for
replication. The source organelle for membranes can be ER, mito-
chondria, endosomes or lysosomes. A well known example is the
formation of membrane structures during the ﬂock house virus (FHV)
infection (Kopek et al., 2007). FHVwas shown to induce the formation
of a compartment for viral RNA synthesis by invagination of the outer
mitochondrial membrane leading to formation of mini-organelles
with a diameter of ∼50 nm with ∼10 nm wide channels open to the
cytoplasm. These vesicles are formed solely by a multifunctional
replication factor, protein A, which is the only protein needed for FHV
RNA replication. Examples of other viral proteins having membrane
modifying activities include poliovirus 3A and the 3AB polyprotein
Fig. 2. Binding of PVA VPg to anionic phospholipids and synthetic vesicles. (A, B) Far-UV
circular dichroism of VPg-vesicle interaction. The spectra of recombinant VPg were
measured at room temperature in the absence and in the presence of synthetic vesicles.
Spectra were recorded at 1:5 (A) and 1:10 (B) w/w ratios (VPg/lipid). The lipid and
buffer background was subtracted from all spectra before converting the VPg values to
molar ellipticities. Data with HT[V] value over 600, was left out from the data analysis.
(C) DOPS vesicle background measurement in three different concentrations. (D)
Change in molar ellipticity plotted at a wavelength indicative of α-helix (222 nm)
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envelope glycoproteins E1 and E2, which form dimers and contain
transmembrane domains (Lama and Carrasco, 1996; Op De Beeck et
al., 2000). In the case of potyviruses, there is evidence that a short 6K2
protein, which precedes VPg in the potyvirus polyprotein, is a
transmembrane anchor (Schaad et al., 1997). It has been shown that
the turnip mosaic virus 6K2-VPg-Pro polyprotein intermediate
induces vesicle formation from ER membranes in plants. These
vesicles contain at least three host translation factors in addition to
the viral replication proteins suggesting that replication and transla-
tion could occur inside the same vesicles (Beauchemin et al., 2007;
Thivierge et al., 2008). This is suggestion is supported by a recent
study which provided evidence that a single genome is likely
responsible for forming each of these vesicles (Cotton et al., 2009).
Although direct interaction of a potyviral VPgwithmembranes has
not been shown, a recent report veriﬁed that PVA VPg processed apart
from the 6K2-VPg-NIa-pro fusion can be found in the heavy
membrane fraction isolated from infected plants (Hafren and
Mäkinen, 2008). Here we present an in vitro study of direct membrane
interaction between potyviral VPg and synthetic vesicles. In addition,
we present our hypothesis on the nature of the structural change
associated with the lipid binding, and evidence of vesicle modiﬁca-
tions caused by VPg.
Results
Membrane lipid strip overlay binding assay
VPgwas found tobind certain lipids in a commercialmembrane lipid
strip (PIP strip) overlay binding assay (Fig. 1). Binding to phosphati-
dylserine (PS) was particularly evident and further experimentation
was based on this result. Phosphatidylcholine (PC) showed no binding
and therefore was selected as a negative control. Nonspeciﬁc antibody
binding was detected with several lipids as shown in Fig. 1 for
phosphatidic acid (PA), and consequently we formed no conclusions
regarding the binding of VPg to these phospholipids.
VPg secondary structure change upon lipid binding
To conﬁrm the results from the overlay binding assay and to assess
the possible structural change coupled to the binding, synthetic
vesicles composed of dioleylphosphocoline (DOPC) and dioleylpho-
sphoserine (DOPS) phospholipids were prepared andmixedwith VPg.
Another anionic phospholipid, dioleylphosphoglycerol (DOPG), al-
though not a component of the assay strips, was included in the
subsequent analysis. DOPG vesicles were prepared as amixture of two
different types of lipids containing 20% DOPG and 80% DOPC. High
background ellipticity from the vesicles hampered the far-UV circular
dichroism (CD) spectrum measurements in higher vesicle concentra-
tions especially on the DOPS samples (Fig. 2C). Anyway, after
subtracting lipid background we were able to observe structuralFig. 1. Recombinant VPg binding on PIP strips. Binding was tested in TBS-Tween (0.1%)-
BSA (3%) buffer. Protein was incubated overnight and detected after thorough washing
steps with VPg antibodies. Several of the PIP strip lipids showed nonspeciﬁc primary or
secondary antibody binding (e.g., PA) and were not considered as candidate lipids for
further experimentation. PS showed speciﬁc VPg binding, whereas PC did not bind to
VPg. PA, phosphatidic acid; PS, phosphatidylserine; PC, phosphatidylcholine.
against a range of VPg to lipids ratio.changes induced in VPg upon binding to the anionic DOPS and DOPG
vesicles. Addition of DOPC vesicles led to a small shift in the overall
curve position (Figs. 2A and B). This could be due to aweak interaction
with the vesicles and a small change in secondary structure, or to a
change in the monomer–dimer ratio. VPg dimerization is a well
known but poorly understood property (Grzela et al., 2008;
Oruetxebarria et al., 2001; Rantalainen et al., 2008). DOPS and 20%
DOPG vesicles induced a more pronounced change in the curve shape,
indicating a change in the composition of the secondary structure
elements of VPg (Figs. 2A and B). This result was in agreement with
the PIP strip binding assay and supported a signiﬁcant degree of
binding to PS, but not to PC lipids. Doubling the vesicle amount from a
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connection with the 20% DOPG vesicles, whereas this was not seen
with DOPC- or DOPS-bound VPg (Fig. 2A, B). Therefore, it seems that
the 20% PG surface did not contain enough anionic head groups to
bind all VPg at 1:5 (w/w), whereas binding to 100% of the PS surface
was already complete at that ratio.
The far-UV CD spectrum of an α-helix has double minimum peaks
at around208and222nmanda strongpositive peak at around192nm.
The β-sheet, in turn, has a less intense minimum peak at around
218nmandapositive peak around195nm(Kelly et al., 2005). The lipid
effect on VPg conformationwas examined in detail by plotting 222 nm
ellipticity in VPg to lipids ratio varying from 1:5 to 1:35 (Fig. 2D). The
observed shift of a minimum close to 222 nm in the presence of DOPS
and DOPG vesicles could be interpreted as an increase in the α-helical
structure. On the other hand, as the unacceptably high signal to noise
ratio prevented us from seeing reliably the ellipticity at 208 nmand the
high positive peaks at lower wavelengths in several of the VPg to lipid
ratios, we cannot entirely exclude the additional contribution of
stabilized β-sheets. Whether the increase in structure is attributed to
α-helices or β-sheets, the observed shift of the minimum towards
222 nm provides evidence for a more stable conformation. It is not
possible to localize the secondary structure elements within the
protein using CD spectroscopy. We considered the N-terminal VPg
fragment that contains two positively charged amino acid clusters and
is predicted to formanunstructured region (Rantalainen et al., 2008) as
a potential site for structural stabilization uponmembrane interaction.
Therefore we extended our analysis to a VPgmutant consisting of only
the 69 N-terminal amino acids. The far UV spectra of this protein
showed an almost completely random coiled structure (data not
shown), but mixing it with the interacting lipids led to protein
aggregation, which prevented data collection.
Changes in the trypsination pattern of VPg after lipid binding
The limited trypsin digestion pattern of PVA VPg was different
after binding to PS and PG vesicles compared to digestion withoutFig. 3. Limited trypsin digestion of VPg in the presence and absence of synthetic vesicles. Dige
for 5 min. Digested fragments were subjected to N-terminal sequence analysis by Edman
identical to its digestion in the absence of vesicles, whereas the presence of interacting PS o
(B) The fragmentation pattern obtained in the presence of PSwas comparedwith the control
Control fragmentation and secondary structure prediction is adapted from Rantalainen et alvesicles or digestionwith the non-binding DOPC vesicles (see Fig. 3A).
Fragments 1 to 6, seen in Fig. 3A in the “no vesicles” panel, are derived
from PVA VPg alone subjected to trypsin treatment. The N-terminal
amino acid sequences of these fragments were determined in our
previous study (Rantalainen et al., 2008). Incubation of VPg with
DOPC vesicles led to an identical digestion pattern and, therefore,
these fragments were not sequenced. All successfully sequenced
fragments obtained in the presence of DOPS and 20% DOPG vesicles
had an N-terminal amino acid sequence located at the N-terminal part
of the protein (Fig. 3B). Two major fragments, cleaved at Lys44 and
Arg114 in the control reactions, disappeared from these samples.
Electron microscopy analysis of the vesicle modiﬁcation caused by VPg
In addition to the structural changes in VPg itself, we used
transmission electron microscopy (TEM) to analyze VPg-induced
morphological changes in the vesicles. Incubation of VPg with control
DOPC vesicles for 1 h did not affect the vesicle size or shape to a
signiﬁcant degree (Figs. 4A, B and F). The unbound protein, in
association with the negative staining method, increased the
background in control samples and made the vesicle observation
and size measurements difﬁcult. Nevertheless, all of the DOPC vesicles
in the presence and in the absence of VPg were intact and maintained
their symmetrical shape. Before VPg addition, DOPS vesicles were
similar to the DOPC vesicles (Fig. 4C); however, incubation of VPg
with DOPS vesicles for 1 h led to signiﬁcant changes in the appearance
of the vesicles (Fig. 4D). During the incubation period, part of the
vesicles had ruptured and electron-dense spots appeared throughout
most of them. Another observation was the appearance of micelle-like
particles, smaller than the original vesicles, and irregular elongated
structures. When the incubation time was prolonged to 4 h, we
observed evenmore ruptured vesicles (Fig. 4E). After incubating DOPS
vesicles with VPg for 1 h, statistical analysis revealed an approxi-
mately ﬁve-fold increase in their size, whereas no signiﬁcant size
change was observed for DOPC vesicles (Fig. 4F). An alternative
sample preparation method, where vesicles were embedded in resinstionwas terminated at a given time point by adding Laemmli sample buffer and boiling
degradation. (A) VPg digested in the presence of non-interacting DOPC vesicles was
r PG vesicles altered the digestion pattern. Identiﬁed sequences are given on the right.
fragmentation without vesicles. Amino acid numbering includes the N-terminal His-tag.
. (2008) Virology 377:280-288. Bars, β-sheet; arrows, α-helix.
Fig. 4. Electronmicroscopy analysis of the VPg effect on vesiclemorphology. Vesicleswere incubatedwith orwithout VPg for 1 or 4 h at room temperature. (A)DOPC vesicles. (B) DOPC
vesicles with VPg (1:5 w/w). (C) DOPS vesicles. (D) DOPS vesicles with VPg addition after 1 h of incubation. Presumably, the VPg containing electron-dense black spots appeared
throughout the vesicle surface (e) as well as in the small micelle-like structures outside the vesicles (m). (E) DOPS vesicles incubated with VPg for 4 h. Only a few non-disrupted
vesicles were seen and the amount of distorted, irregular-shaped vesicles increased. Bar represents 0.2 μm in all panels. All insets are digital magniﬁcations of the designated area to
illustrate the details of vesicle modiﬁcations. (F) Statistical analysis of the changes in the vesicle size due to VPg after 1 h of incubation.
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observations were not sample preparation artifacts. Although the
quality of these images (data not shown)was inferior to those in Fig. 4,
the overall conclusion was that VPg-DOPS interaction led to the
disruption of vesicles, whereas VPg did not affect DOPC vesicles.
Discussion
In our previous study showing the disordered nature of PVA
VPg, we discussed the possible structure stabilizing interaction
partners and expected an increase in α-helical content upon
interaction (Rantalainen et al., 2008). In the current work we
found evidence for an α-helical stabilization and observed it upon
interaction with vesicles containing anionic lipids. Previously wecompared VPgs puriﬁed under native and denaturing conditions
and concluded that the overall fold of these proteins was similar
(Rantalainen et al., 2008). In addition, refolded VPg is shown to be
uridylylated by viral polymerase and phosphorylated by plant
kinases (Puustinen and Mäkinen, 2004; Ivanov et al., 2001)
indicating that the conformation of the refolded PVA VPg allows
it to serve as a speciﬁc substrate for enzymatic reactions. Native
puriﬁcation of PVA VPg from infected plants with the aid of afﬁnity
tags is possible, but several interacting proteins are co-puriﬁed
(Hafren and Mäkinen, 2008). Also the yield obtained with this
method is low for biophysical studies. Based on the above
mentioned reasons this lipid interaction and structural stabilization
study was conducted with refolded recombinant PVA VPg using
four different in vitro methods.
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with a PIP strip assay (Fig. 1). DOPC did not show any interaction with
VPg whereas DOPS did. This was further conﬁrmed with CD-
spectroscopy and limited tryptic digestion analysis. Since biological
membranes are never composed of a single lipid type, we also
included vesicles composed of two different lipids into the analysis.
VPg interacted with vesicles composed of 20% DOPG+80% DOPC
differently than with DOPS vesicles. VPg interacting with DOPS
vesicles reached the same level of structural change at 1:5 (w/w)
protein/lipid ratio (molar ratio ∼1:190; Figs. 2A and D) as at 1:10 (w/
w) ratio (molar ratio ∼1:380; Fig. 2B and D). However, for vesicles
containing 20% DOPG, binding was not complete at 1:5 (w/w)
protein/lipid ratio but required a doubling of the lipid proportion to
achieve the same degree of structural change as with DOPS vesicles. In
contrast, in trypsin digestion analysis the 20% DOPG vesicles showed
more protection for VPg and signiﬁcant amount of full length VPg was
left undigested after the 15 min time point. At this time point the
control reaction without vesicles and the reaction with DOPC and
DOPS vesicles had proceeded almost to complete digestion of the full
length protein (Fig. 3A). With limited trypsin digestion we cannot
conclude whether the change in trypsination pattern is caused by
change in VPg structure or embedding of the VPg regions inside the
vesicle surface. However, this gives a clue of the VPg regions affected
by the interacting lipid surface. Given that the N-terminus of PVA VPg
has a high positive net charge and is predicted to be eitherα-helical in
structure, or unstructured when analyzed using different prediction
software (Rantalainen et al., 2008), we expected it to be stabilized and
protected. However, surprisingly, the N-terminal cleavage sites
between amino acids 1 to 20 were well exposed to trypsin during
vesicle interaction. In contrast, two major fractions cleaved at Lys44
and Arg114 in the control reactions disappeared from the DOPS and
20% DOPG samples. In our previous study, we predicted that the
regions surrounding both of these amino acids would also be
unstructured. It is likely that these are the regions that gain a more
stable secondary structure, and/or are protected to the greatest extent
by the vesicle surface.
Based on the CD spectroscopy studies, the unstructured regions of
VPg fold mainly to form α-helical structures upon vesicle interaction.
However, we cannot exclude the possibility of additional β-sheet
formation. Alpha-synuclein is an example of an extreme situation
where an almost completely random coiled protein is stabilized into
distinct α-helical structures in the presence of acidic phospholipids
(Davidson et al., 1998; Kjaer et al., 2009). PVA VPg, in turn, has the
typical far-UV CD-spectrum of a partly disordered protein and its
structural stabilization is not as drastic as for α-synuclein. Even
though the lipid background prevented us from seeing if there is
high positive peak typical for α-helices at around 190 nm, α-helical
stabilization is in addition to the observed minimum shift to 222 nm
supported by some other recent studies. PVY VPg undergoes a similar
type of minimum shift upon the addition of 2,2,2-triﬂuoroethanol
(TFE) (Grzela et al., 2008). TFE is known to promote α-helix
formation (Kentsis and Sosnick, 1998). Another recent study showed
a similar kind of structural shift for LMV VPg, and especially for
RYMV VPg, upon TFE addition (Hebrard et al., 2009). In the latter
study, both of the VPgs were also predicted to form α-helices by an
α-MoRF in silico assay. In our previous work, we noted that the
sequence-based predicted α-helix content of PVA VPg was ∼20%
higher than that calculated from the CD-spectra data (Rantalainen et
al., 2008). According to hydrophobicity proﬁles and primary
sequence-based prediction programs, the possibility of the formation
of a transmembrane helix is rather low. Taking into account the high
conﬁdence level reached by the current prediction programs, it is
more likely that VPg forms one or more amphipathic peripheral
helices. The central region of the LMV VPg was predicted to form an
amphiphilic central helix at a site corresponding to the PVA VPg
residues 86 to 122. It was suggested that this region of VPg bind bothto the eukaryotic translation initiation factor 4E (eIF4E) and the viral
helper-component proteinase (HC-Pro) (Roudet-Tavert et al., 2007).
One possibility is that the central helix is stabilized upon lipid
interaction.
An interesting feature favoring the formation of an α-helical
domain in the region between amino acids 40 and 60 is the
GxxxGxxxG motif. These three glycines at positions 43, 47 and 51,
together with Gly53, are well conserved among potyviruses. It has
been shown that the GxxxG motif is associated with dimer formation
and transmembrane α-helix formation (reviewed in references Russ
and Engelman, 2000; Senes et al., 2004). Compared to other proteins
containing GxxxGmotifs, PVA VPg contains an unusually high number
of positively charged amino acids in the vicinity of the motif. Lysines
and arginines around the GxxxGxxxGmotif could function by forming
a positively charged interaction surface around the helix. One model
for the interaction of peptides with high positive charge is that
proposed by Herce and Garcia (2007) for the HIV TAT peptide. In this
model, the effect of the charges of the lysine and arginine side chains
is based on binding to the phosphate groups on both sides of the lipid
bilayer and on attracting solvating water molecules. This results in
spontaneous translocation of the peptide across the lipid bilayer and
the formation of a pore capable of transferring proteins, DNA, or RNA
across the bilayer. This type of mechanism would allow the PVA VPg
to form a positively-charged pore capable of transferring negatively
charged molecules, such as replication complex-associated RNA,
across the bilayer. 6K2 is the protein that directs VPg to ER
membranes in vivo and induces the formation of cytoplasmic vesicles
budding out from the ER (Schaad et al., 1997; Beauchemin et al.,
2007). Structural differences between the vesicles formed during
poliovirus infection and during expression of viral proteins in
isolation have been reported (Suhy et al., 2000). It remains to be
studied whether the VPg-containing vesicles have different properties
from those formed by 6K2 protein alone.
TEM imaging of the DOPS vesicles with VPg showed, on average, a
ﬁve-fold increase in vesicle size after incubation for 1 h. We also
noted electron dense spots formed on the surface of the vesicles and
disruption of the vesicles after prolonged incubation. Although we
cannot exclude the possibility of plaque-like protein aggregates on
the vesicle surface, a more plausible scenario is the formation of a
hole, or pore-like structures, by VPg oligomers or aggregates. This is
supported by the evident disruption of the vesicles seen in the TEM
images (Fig. 4D and E) and the similarities between PVA VPg and
other known α-helical-stabilized pore-forming peptides and proteins
such as the HIV-1 TAT peptide (Herce and Garcia, 2007). In fact, a
study of 13 high-resolution structures of known membrane channel
and transporter proteins showed that weakly polar amino acids,
including glycine (as the most preferred), are usually the ones
forming the channel helix-helix contacts every fourth residue
(Hildebrand et al., 2006).
The observed vesicle modiﬁcations in the presence of VPg are
interesting. The increase in the size of the DOPS vesicles after
incubation with VPg has several possible explanations: VPg may draw
together vesicles leading to membrane fusion, or it may dissolve the
bilayer leading to the formation of a swollen vesicle. Electron
tomographic membrane surface modeling could resolve this issue.
Fluorescence spectroscopy can also be used to study the disruption
and leakage of vesicles. These are a few of the possible directions for
future studies to clarify the bilayer modiﬁcation caused by VPg. In
addition, it will be important to examine the biological role resulting
from the ability of VPg to bind to anionic phospholipids. This property
could, for example, be required for membrane interactions within the
assembled viral replication complexes where VPg, among other viral
proteins and together with host factors, directs viral RNA synthesis in
a membranous environment. An especially interesting hypothesis is
that VPg could form a positively charged channel capable of
transferring viral proteins or RNA across the bilayer.
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Protein and synthetic vesicle preparation
PVA VPg was expressed and puriﬁed with the pQE30-M15 system
(Qiagen) as described (Rantalainen et al., 2008). Puriﬁed protein was
dialyzed either against MQ water or 10 mM MES (pH 6.0) overnight
and used within 1 week of refolding. All lipids (1,2-dioleoyl-sn-
glycero-3-phospho-(1'-rac-glycerol) (DOPG); 1,2-dioleoyl-sn-gly-
cero-3-phosphocholine (DOPC); and 1,2-dioleoyl-sn-glycero-3-phos-
pho-L-serine (DOPS)) were from Avanti Polar Lipids, USA, and were
dissolved in chloroform. DOPG was mixed with PC in a molar ratio of
1:4. The lipid mixtures were dried under a gentle nitrogen ﬂow and
subsequently hydrated in buffer to 10 or 30 mg/ml. The lipid
suspensions were subjected to 10 rounds of freezing in liquid N2
and thawing in a 40 °Cwater bath. Small unilammellar vesicles (SUVs)
were prepared by sonicating each lipid suspension on ice for 60 min
with a 50% pulse cycle. Vesicles were used within 4 days of
preparation.
Membrane lipid strip overlay binding assay
PIP Strips (Echelon Biosciences) were blocked with 3% (w/v) fatty
acid-free BSA in TBST buffer (150 mM NaCl, 10 mM Tris–HCl, pH 8.0,
0,1% (v/v) Tween-20) at room temperature, followed by an
overnight incubation with, or without, recombinant VPg (0.5 μg/
ml) at +4 °C. The primary antibody was used at a 1:4000 dilution
and incubated for 2 h. Polyclonal primary antibody puriﬁcation is
described by Puustinen et al. (2002) and antisera production is
described by Merits et al. (1999). A 1:20000 dilution of alkaline
phosphatase-conjugated goat anti-rabbit antibody was used as a
secondary antibody with 1 h incubation at room temperature. Bound
protein was detected with Western Blue Stabilized Substrate for
alkaline phosphatase (Promega). All incubations were made in
blocking buffer and membranes were washed three times according
to the manufacturer's instructions after protein, primary antibody
and secondary antibody binding.
Circular dichroism spectroscopy
Far-UV CD spectra were recorded on a Jasco J-810 spectro-
polarimeter. A 1 mm cuvette, 3 nm bandwidth, 1 s response time,
and a scan speed of 100 nm/min were employed. The protein (0.1 or
0.2 mg/ml) was mixed with the phospholipid at up to 1:35 w/w ratio
and was allowed to equilibrate for 20 min. The contributions of buffer
and lipid backgrounds were subtracted. Each ellipticity measurement
was averaged over 10 accumulations. Valueswith an HT[V] signal over
600 V were considered unreliable due to the high lipid background
and were left out from the data analysis. The mean residue ellipticity
in deg cm2 dmol-1 was calculated based on a molecular mass of
23421 Da and 202 residues of recombinant PVA VPg.
Limited tryptic digestion and N terminal sequencing
Limited tryptic digestion and sequencing of the resulting frag-
ments were performed essentially as described by Rantalainen et al.
(2008). VPg (23 μM) was mixed with synthetic lipids (4.3 mM) in
10 mM MES (pH 6.0) and incubated at room temperature for 1 h.
Proteolytic digestion was started by adding 100 ng of trypsin
(Promega) to the reaction buffer, bringing the ﬁnal conditions to
25 mM MES (pH 6.0), 25 mM NaCl, 5% (v/v) glycerol and 2 mM DTT,
and the protein:lipid (w/w) ratio to ∼1:5. Digestion was terminated
at designated time points by adding SDS-sample buffer and boiling for
5 min. Samples were subjected to 15% SDS-PAGE. An identical gel to
the Coomassie-stained gel in Fig. 3A was blotted onto a PVDF
membrane from which the fragments were cut out for Edman
degradation sequence analysis using a Procise 494 HT protein
sequencer (Applied Biosystems).Electron microscopy
A 1:5 protein:lipid (w/w) ratio was used for TEM analysis. Vesicles
were incubated with or without VPg protein for 1 or 4 h at room
temperature prior to imaging. Samples were loaded on pioloform and
carbon-coated, freshly glow-discharged grids, and were negatively
stained using 3% aqueous uranyl acetate for 1 min. Samples were then
viewed using a FEI Tecnai 12 Transmission electron microscope
operated at 120 kV and images were recorded with a Gatan Multiscan
794 1 k×1 k CCD camera. Approximately 600 images were taken
altogether. The numbers of vesicles measured from the TEM images
for statistical analysis were as follows: 55 for DOPC controls without
VPg, 67 for DOPC samples with VPg, 112 for DOPS without VPg, and
142 for DOPS with VPg. Two diameters, perpendicular to each other,
were manually measured and averaged from each vesicle. Diameters
were subsequently averaged within each sample to get an estimation
of size differences due to VPg addition.
Acknowledgments
We would like to acknowledge the great help received from Dr.
Eija Jokitalo at the Electron Microscopy Unit of the Institute of
Biotechnology, University of Helsinki in the interpretation of the EM
results and for her critical reading of the manuscript. This work was
supported by the Academy of Finland grants 206870 and 115922 to
K.M.
References
Beauchemin, C., Boutet, N., Laliberté, J.F., 2007. Visualization of the interaction between
the precursors of VPg, the viral protein linked to the genome of turnip mosaic virus,
and the translation eukaryotic initiation factor iso 4E in planta. J. Virol. 81, 775–782.
Bryson, E.A., Rankin, S.E., Carey, M., Watts, A., Pinheiro, T.J., 1999. Folding of
apocytochrome c in lipid micelles: formation of alpha-helix precedes membrane
insertion. Biochemistry 38, 9758–9767.
Cotton, S., Grangeon, R., Thivierge, K., Mathieu, I., Ide, C., Wei, T., Wang, A., Laliberté, J.F.,
2009. Turnip mosaic virus RNA replication complex vesicles are mobile, align with
microﬁlaments and are each derived from a single viral genome. J. Virol. 83,
10460–10471.
Davidson, W.S., Jonas, A., Clayton, D.F., George, J.M., 1998. Stabilization of alpha-
synuclein secondary structure upon binding to synthetic membranes. J. Biol. Chem.
273, 9443–9449.
Denison, M.R., 2008. Seeking membranes: positive-strand RNA virus replication
complexes. PLoS Biol. e270, 6.
Dunker, A.K., Lawson, J.D., Brown, C.J., Williams, R.M., Romero, P., Oh, J.S., Oldﬁeld, C.J.,
Campen, A.M., Ratliff, C.M., Hipps, K.W., Ausio, J., Nissen, M.S., Reeves, R., Kang, C.,
Kissinger, C.R., Bailey, R.W., Griswold, M.D., Chiu, W., Garner, E.C., Obradovic, Z.,
2001. Intrinsically disordered protein. J. Mol. Graph. Model. 19, 26–59.
Dunoyer, P., Thomas, C., Harrison, S., Revers, F., Maule, A., 2004. A cysteine-rich plant
protein potentiates potyvirus movement through an interaction with the virus
genome-linked protein VPg. J. Virol. 78, 2301–2309.
Dyson, H.J., Wright, P.E., 2005. Intrinsically unstructured proteins and their functions.
Nat. Rev. Mol. Cell Biol. 6, 197–208.
Grzela, R., Szolajska, E., Ebel, C., Madern, D., Favier, A., Wojtal, I., Zagorski, W.,
Chroboczek, J., 2008. Virulence factor of potato virus Y, genome-attached terminal
protein VPg, is a highly disordered protein. J. Biol. Chem. 283, 213–221.
Guo, D., Rajamäki, M.L., Saarma, M., Valkonen, J.P., 2001. Towards a protein interaction
map of potyviruses: protein interaction matrixes of two potyviruses based on the
yeast two-hybrid system. J. Gen. Virol. 82, 935–939.
Hafren, A., Mäkinen, K., 2008. Puriﬁcation of viral genome-linked protein VPg from
potato virus A-infected plants reveals several post-translationally modiﬁed forms
of the protein. J. Gen. Virol. 89, 1509–1518.
Hebrard, E., Bessin, Y., Michon, T., Longhi, S., Uversky, V.N., Delalande, F., et al., 2009.
Intrinsic disorder in viral proteins genome-linked: experimental and predictive
analyses. Virol. J. 6, 23.
Herce, H.D., Garcia, A.E., 2007. Molecular dynamics simulations suggest a mechanism
for translocation of the HIV-1 TAT peptide across lipid membranes. Proc. Natl. Acad.
Sci. U.S.A. 104, 20805–20810.
Hildebrand, P.W., Lorenzen, S., Goede, A., Preissner, R., 2006. Analysis and prediction of
helix–helix interactions inmembranechannelsandtransporters. Proteins64,253–262.
Ivanov, K.I., Puustinen, P., Merits, A., Saarma, M., Mäkinen, K., 2001. Phosphorylation
down-regulates the RNA binding function of the coat protein of potato virus A.
J. Biol. Chem. 276, 13530–13540.
Kelly, M.K., Jess, T.J., Price, N.C., 2005. How to study proteins by circular dichroism.
Biochim. Biophys. Acta 1751, 119–139.
Kentsis, A., Sosnick, T.R., 1998. Triﬂuoroethanol promotes helix formation by
destabilizing backbone exposure: desolvation rather than native hydrogen bonding
120 K.I. Rantalainen et al. / Virology 395 (2009) 114–120deﬁnes the kinetic pathway of dimeric coiled coil folding. Biochemistry 37,
14613–14622.
Kjaer, L., Giehm, L., Heimburg, T., Otzen, D., 2009. The inﬂuence of vesicle size and
composition on alpha-synuclein structure and stability. Biophys. J. 96, 2857–2870.
Kopek, B.G., Perkins, G., Miller, D.J., Ellisman, M.H., Ahlquist, P., 2007. Three-
dimensional analysis of a viral RNA replication complex reveals a virus-induced
mini-organelle. PLoS Biol. e220, 5.
Lama, J., Carrasco, L., 1996. Screening for membrane-permeabilizing mutants of the
poliovirus protein 3AB. J. Gen. Virol. 77 (Pt 9), 2109–2119.
Léonard, S., Viel, C., Beauchemin, C., Daigneault, N., Fortin, M.G., Laliberté, J.F., 2004.
Interaction of VPg-pro of turnip mosaic virus with the translation initiation factor
4E and the poly(A)-binding protein in planta. J. Gen. Virol. 85, 1055–1063.
Merits, A., Guo, D., Jarvekulg, L., Saarma, M., 1999. Biochemical and genetic evidence for
interactions between potato A potyvirus-encoded proteins P1 and P3 and proteins
of the putative replication complex. Virology 263, 15–22.
Miller, S., Krijnse-Locker, J., 2008. Modiﬁcation of intracellular membrane structures for
virus replication. Nat. Rev. Microbiol. 6, 363–374.
Oruetxebarria, I., Guo, D., Merits, A., Mäkinen, K., Saarma, M., Valkonen, J.P.T., 2001.
Identiﬁcation of the genome-linked protein in virions of Potato virus A, with
comparison to other members in genus Potyvirus. Virus Res. 73, 130–132.
Op De Beeck, A., Montserret, R., Duvet, S., Cocquerel, L., Cacan, R., Barberot, B., et al.,
2000. The transmembrane domains of hepatitis C virus envelope glycoproteins E1
and E2 play a major role in heterodimerization. J. Biol. Chem. 275, 31428–31437.
Paul, A.V., van Boom, J.H., Filippov, D., Wimmer, E., 1998. Protein-primed RNA synthesis
by puriﬁed poliovirus RNA polymerase. Nature 393, 280–284.
Puustinen, P., Mäkinen, K., 2004. Uridylylation of the potyvirus VPg by viral replicase
NIb correlates with the nucleotide binding capacity of VPg. J. Biol. Chem. 279,
38103–38110.
Puustinen, P., Rajamäki, M.L., Ivanov, K.I., Valkonen, J.P., Mäkinen, K., 2002. Detection of
the potyviral genome-linked protein VPg in virions and its phosphorylation by host
kinases. J. Virol. 76, 12703–12711.Rantalainen, K.I., Uversky, V.N., Permi, P., Kalkkinen, N., Dunker, A.K., Mäkinen, K., 2008.
Potato virus A genome-linked protein VPg is an intrinsically disordered molten
globule-like protein with a hydrophobic core. Virology 377, 280–288.
Roudet-Tavert, G., Michon, T.,Walter, J., Delaunay, T., Redondo, E., Le Gall, O., 2007. Central
domain of a potyvirus VPg is involved in the interaction with the host translation
initiation factor eIF4E and the viral protein HcPro. J. Gen. Virol. 88, 1029–1033.
Russ, W.P., Engelman, D.M., 2000. The GxxxG motif: a framework for transmembrane
helix-helix association. J. Mol. Biol. 296, 911–919.
Salonen, A., Ahola, T., Kaariainen, L., 2005. Viral RNA replication in association with
cellular membranes. Curr. Top. Microbiol. Immunol. 285, 139–173.
Satheshkumar, P.S., Gayathri, P., Prasad, K., Savithri, H.S., 2005. “Natively unfolded” VPg
is essential for sesbania mosaic virus serine protease activity. J. Biol. Chem. 280,
30291–30300.
Schaad, M.C., Jensen, P.E., Carrington, J.C., 1997. Formation of plant RNA virus
replication complexes on membranes: role of an endoplasmic reticulum-targeted
viral protein. EMBO J. 16, 4049–4059.
Senes, A., Engel, D.E., DeGrado, W.F., 2004. Folding of helical membrane proteins: the
role of polar, GxxxG-like and proline motifs. Curr. Opin. Struct. Biol. 14, 465–479.
Suhy, D.A., Giddings Jr., T.H., Kirkegaard, K., 2000. Remodeling the endoplasmic
reticulum by poliovirus infection and by individual viral proteins: an autophagy-
like origin for virus-induced vesicles. J. Virol. 74, 8953–8965.
Thivierge, K., Cotton, S., Dufresne, P.J., Mathieu, I., Beauchemin, C., Ide, C., Fortin, M.G.,
Laliberté, J.F., 2008. Eukaryotic elongation factor 1A interacts with turnip mosaic
virus RNA-dependent RNA polymerase and VPg-pro in virus-induced vesicles.
Virology 377, 216–225.
Uversky, V.N., 2002. Natively unfolded proteins: a point where biology waits for
physics. Protein Sci. 11, 739–756.
Wittmann, S., Chatel, H., Fortin, M.G., Laliberté, J.F., 1997. Interaction of the viral protein
genome linked of turnip mosaic potyvirus with the translational eukaryotic
initiation factor (iso) 4E of Arabidopsis thaliana using the yeast two-hybrid system.
Virology 234, 84–92.
